A B S T R AC T : Glaucony is present in the Palaeocene sediments of the London Basin, from the Thanet Sand Formation to the gravel beds at the base of the Lower Mottled Beds of the Reading Formation. The Upnor Formation glaucony is a rare example of formation in warm, shallow, brackish water and this, combined with the ready availability of fresh material from boreholes, make this study important in developing our understanding of this mineral. Glaucony comprises up to 50% of the Upnor Formation, a grey to green sandstone, of variable thickness and composition, which was deposited in a warm, shallow, marine to estuarine environment, ∼55.6-56.2 Ma. Using morphological criteria, X-ray diffraction data and K + abundance, the Upnor glaucony may be defined as evolved. The underlying shallow marine Thanet Sand contains <5% of nascent to slightly evolved glaucony. The rare earth element (REE) data for the Upnor Formation suggest more than one source for the sediment from which the Upnor glaucony formed, while the Thanet REE data are consistent with a large detrital clay component.
The petrographic facies in which glauconitic minerals are abundant has been termed the glaucony facies (Odin & Matter, 1981; Odin & Stephan, 1981) . The term glaucony is typically used to denote the entire range of olive-green to dark green clay granules, such as are encountered in the Upnor and Reading Formations, while the term glauconite is reserved for an Fe-rich dioctahedral mica (Bailey, 1980) . Glauconitic clay ranges from the "immature" smectite-rich end member to the "highly evolved" mica-rich end member. Four stages of glauconitization were first characterized by Odin & Matter (1981) , based on the petrographic characteristics of the granules. Odin & Fullager (1988) (their fig. 12 ) further developed this categorization by adding K 2 O content to the definitions: nascent <4% K 2 O, slightly evolved 4-6% K 2 O, evolved 6-8% K 2 O (with fractures resulting from dehydration of the clay), and highly evolved >8%.
Glaucony typically develops by replacement of pseudofaecal pellets in surficial marine sediments, and is most notably abundant in transgressive sands (e.g. McRae, 1972; Odin & Fullager, 1988; Huggett & Gale, 1997) . The degree of glauconitization is perceived to be an indication of the duration, in relative terms, of a period of very slow, or zero sedimentation. In order to correctly interpret the significance of glaucony it is essential to establish whether a deposit is in situ (Huggett & Laenen, 1996; Huggett & Gale, 1997; Kelly & Webb, 1999) . Criteria for determining whether glaucony is reworked include the presence of fragments of glaucony, and winnowing of glaucony into laminae. The presence of glaucony in burrow fills is 404T is a borehole on the Jubilee Underground Line.
regarded as evidence of in situ glauconitization. Reworked pellets may continue to mature after reworking, e.g. reworked fragments may develop fractures. Most of the available material is from the Upnor Formation, and this is reflected in the data presented here. The objectives of this investigation were to characterize the glauconitic clays of the Thanet Sand formation and Lambeth Group, in the sub-surface and outcrop of southern England (Fig. 1) , to determine: (1) the extent to which these granules formed in situ; (2) their environment of formation; and (3) the effect of pedogenic weathering on glaucony. The majority of glaucony occurrences are in outer-shelf sediments, in water depths considerably greater than those of the Upnor Formation. Hence either the Upnor glaucony has been reworked into shallow water, or it has been deposited in unusually shallow water, in environments more generally associated with verdine (Odin & Sen Gupta, 1988; .
G E O LO G I C A L B AC K G R O U N D
The principal object of this study, the Upnor Formation (basal formation of the Lambeth Group, ∼55.6-56.2 Ma, nanoplankton zones NP8-NP9), is a glauconitic sandstone that rests unconformably on the sparsely glauconitic Thanet Sand Formation in the London basin (Fig. 2) . The Thanet Sand Formation is a fully marine, shelf sand (Ellison et al., 2004) . Between deposition of the Thanet Sand and the Upnor formations there was a fall in sea level and a break in sedimentation. The Lambeth Group comprises three depositional sequences (Fig. 2) . Following a significant rise in sea level at ∼56.2 Ma , Upnor Formation sediments were deposited in a shallow marine (Sequence 1) to estuarine (Sequence 2) environment, over an area extending from East Kent to Wiltshire ∼240 km to the west. Heavy mineral studies suggest a southerly, Armorican (Lower Palaeozoic) source for the sediment (e.g. Blondeau & Pomerol, 1968; Weir & Catt, 1969; Morton, 1982) . In the eastern part of the London Basin there is evidence of erosion of the upper Thanet Sand Formation, where it is overlain by the Upnor Formation (Morton, 1982; King, 2016) . Ellison et al. (1996) and Knox (1996) recognized two units in the Upnor Formation, with a break of ∼0.1 Ma between them, during which time uplift, tilting and local erosion occurred. In North Kent both units are present, while in parts of central London the upper unit appears to have been eroded Newman, 2013) , though the quality of the borehole material is not always adequate to identify the stratigraphy accurately. In the London Basin, the lower unit contains an abundant and diverse microplankton flora, typical of a relatively normal shallow marine setting. The upper unit contains a sparse microplankton flora with assemblages suggestive of a marine environment with high stress, such as a lower-thannormal salinity (Powell et al., 1996; Skipper, 1999) , or rising global temperatures in the interval leading up to the Paleocene-Eocene Thermal Maximum (PETM) (Sluijs et al., 2006; Zacke et al., 2009; Zachos et al., 2010; Kemp et al., 2016) . Lower salinity in this environment has been attributed to uplift to the north, resulting in excessive freshwater runoff and surface freshening of the North Sea (Powell et al., 1996; Zacke et al., 2009) . The pollen and spore assemblages are impoverished and dominated by Pityosporites spp. (Powell et al., 1996) , a microspore that might have been concentrated by winnowing in a relatively highenergy, nearshore environment.
The Upnor Formation is typically 5-8 m thick, locally as much as 15 m, decreasing to <2 m westwards (King, 2012 (King, , 2016 . A basal bed of rounded flint pebbles is usually present, passing up into variably bioturbated (Ophiomorpha and Macaronichnus) fineto medium-grained sandstone with a variable proportion of silty clay matrix and glauconitic granules, plus thin beds and stringers of flint pebbles, passing up into a further pebble bed at the top of the formation (Ellison et al., 2004) . In clay-rich units, sand laminae up to 0.3 m thick highlight flaser lamination and lenticular cross-lamination. In the west and some central parts of the London Basin, the Upnor Formation is distinctly green, reflecting a relatively high glaucony content (Ellison et al., 2004) . In the Jubilee Line borehole T404, four glaucony maxima have been identified in ∼6 m of Upnor Formation (Ellison et al., 1996) , though these do not correspond clearly to changes in lithology or sedimentary structure. At Charlton pit, in East London, two glaucony maxima are visible. Elsewhere trends in glaucony abundance are difficult to identify, mainly due to a lack of exposure and poor stratigraphic control for borehole material. In north Kent the Upnor Formation is generally heterogeneous, with clay streaks and Ophiomorpha burrows, and is partly cross-bedded with gravel at the base (King, 2012) . At Herne Bay, the Upnor Formation is a bioturbated, sparsely glauconitic, very fine-grained, clayey sandstone with occasional gravel (none seen during sampling). The basal bed at Herne Bay, the Beltinge Fish Bed, has a fully marine flora and fauna (Ward, 1978) . In southeast Kent, around Canterbury, the Upnor Formation is more glauconitic than in north Kent (King, 2012 (King, , 2016 .
The upper part, and locally in the north, west and central parts of the area of deposition, all of the Upnor Formation is oxidized to a range of brown, red, orange and purple-brown colours as a result of emergence and pedogenesis during deposition of the overlying Reading Formation (Lambeth Group, . Glaucony persists in an increasingly weathered form into the non-marine Lower Mottled Beds (LMB) of the Reading Formation. Unweathered glaucony is particularly abundant in the gravel bed at the base of the LMB. Sparse powdery carbonate concretions in the Upnor Formation may have formed during this period of pedogenesis, and clay matrix may have been derived by translocation from the overlying deposits (Ellison et al., 2004) .
In broad terms, the Upnor Formation may be regarded as representing the transgressive phase of the Lambeth Group, with the overlying Reading and Woolwich formations representing maximum flooding, followed by exposure and weathering during the high stand phase (Knox, 1996) . In the lower Upnor unit, there was connection with the oceanic waters of the eastern Atlantic (Hine, 1994) . This period of oceanic connection was short-lived as a result of uplift to the southwest, with the upper Upnor unit representing a change to restricted marine to estuarine conditions throughout the Anglo-Paris basin. This uplift is represented by a pebble bed in the central London area, and to the east by laminated clayey sands, deposited as estuarine or shallow marine sediment (Skipper, 1999; King, 2012 Knox (1996) of the early Palaeogene succession of southeast England. PETM = Paleocene-Eocene Thermal Maximum.
bore holes (Fig. 1) , by comparison, are within the area represented by a pebble bed. Subsequently, in western parts of the area, restricted marine or lagoonal environments, represented by coarsely glauconitic sands, became established, whereas littoral to sublittoral environments, represented by relatively thick, less glauconitic sands, and local conglomerates, developed in the east (Knox, 1996) . In many parts of the London Basin, subsequent erosion has removed the upper Upnor unit (Newman, 2013) .
M E T H O D S
Eighty samples from the Upnor Formation, including the pedogenically weathered mottled Upnor were obtained from 14 Thames Water boreholes, from outcrop at Herne Bay in east Kent and from the Jubilee Underground Line extension borehole T404 (Fig. 1 ). Six samples of glauconitic Thanet Sand Formation were also analysed to assess whether the Upnor Formation glaucony is sufficiently similar to have been derived from the older Thanet Sand Formation glaucony. Borehole samples were selected to give maximum possible east-to-west coverage. Closely spaced, stratigraphically wellconstrained samples were obtained from the Abbey Mills and T404 boreholes, to assess the vertical variability of the formation. The extreme lateral variability of the Upnor Formation from borehole to borehole across the London Basin does not facilitate accurate stratigraphic location of samples (Newman, 2013) . For this reason samples from boreholes other than Abbey Mills and T404 are identified as coming from the top, upper, middle, lower or base of the Upnor Formation, according to the sample depth relative to the known thickness of the Upnor Formation at that location. Present burial depths of the sampled intervals vary from ∼25 to 40 m. As these are the maximum burial depths, there is no reason to suspect post-burial diagenetic alteration of the glaucony. At Herne Bay samples were collected from the foreshore exposure: the Beltinge Fish Bed ∼0.05 m above the base (sample C), ∼0.02 m above the base (sample D), ∼1.5 m above the base (sample B) and ∼2.0 m from the top (sample A). Because the exposure is partially covered with beach sediment, these exposure depths are approximate. Petrographic examination, X-ray diffraction analysis (XRD), inductively coupled plasma-optical emission spectroscopy and mass spectrometry (ICP-OES and -MS), Mössbauer spectroscopy and oxygen-and hydrogen-isotope analyses were performed on magnetically separated glaucony. In addition, XRD was performed on the clay matrix of selected samples.
Glaucony grains were separated from sand and clay by first sieving out the >63 µm fraction. The >63 µm fraction was briefly treated ultrasonically to remove any remaining detrital clay from granule surfaces. The glaucony was then separated from the non-magnetic fraction (mainly quartz) using a Frantz Magnetic Separator. The purity of the glaucony was checked using a binocular microscope, and remaining visible quartz grains removed. Weathered glaucony could not be separated from the enclosing matrix because of the highly friable nature of the altered granules.
Petrography and electron microscopy
Glaucony abundances were determined by optical microscopy, point-counting 300 points per thin section. Polished thin sections were examined optically and in back-scattered electron-imaging mode, using a Zeiss EVO SEM equipped with an Oxford Instruments INCA energy dispersive X-ray spectrometer (EDS). The EDS analyses were obtained for both weathered and unweathered granules. Operating conditions were a 2 μA beam current at 15 kVaccelerating voltage, and a spot diameter of ∼2 µm. Detection limits vary according to the elements analysed and the matrix in which they are contained. For these samples, detection limits are 0.2% for Mg, Ca and K, and 0.4-0.6% for Al, Si, P, Mn, Ti and Fe. Calibration using a cobalt standard was performed prior to analysis, and the beam current was monitored during analysis. The mean unweathered glaucony composition was determined by averaging the EDS analyses for each sample.
X-ray diffraction
Powder samples of disaggregated and lightly ground granules were scanned at a rate of 15 s per 0.05°2θ step width using a 0.5°slit, from 5 to 70°2θ. For <2 µm clay fraction analysis of the glaucony, a portion of glaucony granules was crushed gently by hand, fully dispersed in water by placing in an ultrasonic bath for 30 min, and the <2 µm fraction separated by centrifugation. Whilst it is recognized that the glaucony contains particles >2 µm across, the <2 µm fraction forms the greater part of the dispersed granules, and yields XRD results that are consistent with the chemical data obtained for the whole granules. The <2 µm fraction was prepared as an oriented clay mount and analysed with a Phillips 1820 automated X-ray diffractometer using Ni-filtered Cu-Kα radiation. Clay tiles were scanned at a rate of 5 s per 0.02°step width, using 0.3 mm slits from 2 to 40°2θ. The tiles were scanned again after ethylene glycol solvation for 2 h, and after heating at 400°C for 4 h, and at 550°C, also for 4 h. The <2 µm fraction of the clay matrix separated during glaucony extraction was analysed following the same procedure. For the weathered samples, XRD analysis of the clay fraction was carried out on the combined matrix and weathered granules. Peak deconvolution and area measurement were carried out using MacDiff 4.26 (http://www. geol-pal.uni-frankfurt.de/Staff/Homepages/Petschick/ MacDiff/MacDiffInfoE.html).
Semi-quantitative measurement of the percentage of 0.1 nm micaceous layers in the glauconite-smectite was carried out for the ethylene glycol-solvated scans using Table 7 .3 in Moore & Reynolds (1989) .
ICP-OES and -MS
Major, trace and REE data were derived from samples after dissolution via lithium metaborate fusion (see Wray & Wood, 1998 , for method) and quantification by a combination of ICP-OES (Thermo iCAP 6500) and ICP-MS (Thermo X Series 2) at the University of Greenwich ISO17025 accredited laboratory (testing lab 2180). Calibration was performed via matrix-matched, traceable, synthetic standards. QA/ QC protocols included the analysis and charting of inhouse QC samples and the analysis of a series of geological reference materials at regular intervals through the analytical sequence. Prior to plotting, REE data were normalized to the values derived from analysis of USGS reference material Cody Shale (SCo-1), which is considered to have a chemical composition representative of average shale (Jarvis & Jarvis, 1985) . Cody shale was also included in the analytical schedule to minimize subtle analytical artefacts that may occur if numeric values for average shale (such as PAAS -postArchaean Australian shale) are used.
Mössbauer spectroscopy
The room-temperature Mössbauer spectroscopy experiment was carried out at the University of Derby (UK) using an MS-2 spectrometer manufactured by the Centre for Advanced Technologies and Materials, Olomouc, Czech Republic. Each absorber was prepared from 68.0 mg of glaucony mixed with boron nitride as a binder. The mixture was spread uniformly over an area of ∼1.8 cm 2 and pressed into a pellet. The spectrum was recorded with a 25 mCi 57 Co (in Rhodium matrix) source mounted on a constant-acceleration transducer operated in a triangular mode in a velocity range, ±6 mm/s. The Doppler energies from the 14.4 keV γ-rays were detected with a YAlO 3 :Ce scintillation counter. The data was recorded in 1024 channels, which covers twice the Doppler velocity range. Spectra were calibrated against a high purity (99.99%) natural α-Fe foil and all peak positions reported with respect to the centroid shift (CS) of the natural α-Fe. Lorentzian lines of the folded data were fitted, using the least-square RECOIL 1.04 Mössbauer Spectral Analysis Software developed by Lagarec & Rancourt (1998) . Reduced χ 2 was used as a parameter to evaluate the statistical best-fit of the spectra and uncertainties were calculated using a covariant matrix. The oxidation states of Fe ions were then characterized by the centroid shift and site occupancy determined by the area ratios of the spectral doublets.
Oxygen, hydrogen and carbon isotopes
All stable isotopic analyses were carried out in the Laboratory for Stable Isotope Science (LSIS) at the University of Western Ontario, and are reported in the standard δ notation relative to VSMOW for oxygen and hydrogen, and VPDB for carbon using two-point calibrations following Coplen (1996) and Coplen et al. (2006) . Results reported for accuracy (see below) exclude standards used to anchor the calibration curves.
To obtain glaucony oxygen isotopic analyses, ∼8 mg of sample powder were placed into springloaded sample holders, which were then heated at 150°C for 12 h under dynamic pumping. The samples were then top-loaded into nickel reaction vessels, where they were heated at 150°C for a further 3 h under dynamic pumping. Chlorine trifluoride was then added to the nickel reaction vessels, and the vessels sealed and reacted for 16 h at 580°C to release the silicatebound oxygen; the oxygen was recovered and converted quantitatively to CO 2 for oxygen isotope analysis (Clayton & Mayeda, 1963; Borthwick & Harmon, 1982) . The oxygen isotopic results were measured using a VG Optima dual-inlet stable-isotoperatio mass-spectrometer (IRMS). The following average δ 18 O (±SD) was obtained for replicate analyses of standards analysed during the course of these measurements (n and accepted value in parentheses): laboratory standard quartz (n = 6), +11.6 ± 0.1‰ (+11.5‰); kaolinite standard KGa-1 (n = 8), +21.4 ± 0.1‰ (+21.5‰), and laboratory standard carbon dioxide (n = 8), +10.29 ± 0.08‰ (+10.30‰). An average reproducibility of ±0.2‰ (n = 6) was obtained for duplicate analyses of glaucony samples.
To obtain glaucony hydrogen isotopic analyses, structural hydrogen was extracted from glaucony using a method modified after Godfrey (1962) , Kyser & O'Neil (1984) and Venneman & O'Neil (1993) . Briefly, ∼70 mg of glaucony was loaded into a quartz tube and outgassed for 12 h at 200°C to remove adsorbed and interlayer water. The sample was then heated using a fuel-gas-oxygen torch for ∼10 min during which H 2 O released was trapped at −196°C. Gas initially released as H 2 was oxidized over CuO at 550°C to form H 2 O, which was also collected in the −196°C trap. The total water collected was reacted with powdered chromium at 900°C to produce H 2 , which was collected on charcoal at −196°C. The H 2 was analysed using a Thermo Scientific™ Delta PLUS XL dual inlet IRMS. The following average δ 2 H (±SD) was obtained for replicate analyses of standards during the course of these measurements (accepted value in parentheses): standard 'Mid' laboratory water (n = 2), −107.5 ± 0.1‰ (−108.1‰); standard 'EDT' laboratory water (n = 2), −59.1 ± 2.1‰ (−56‰), and kaolinite KGa-1 (n = 5), −59.7 ± 2.0‰ (−57‰). An average reproducibility of ±1.4‰ (n = 3) was obtained for duplicate analyses of glaucony samples.
To obtain phosphate oxygen isotope analyses of shark tooth enameloid, ∼30-35 mg of powder from each sample was dissolved in 3 M acetic acid. Silver phosphate (Ag 3 PO 4 ) was then precipitated through several chemical intermediaries (lead phosphate, lead sulfate) following the ammonia volatilization method (Firsching, 1961; Stuart-Williams & Schwarcz, 1995) . About ∼0.2 mg of powdered Ag 3 PO 4 was then loaded into silver capsules and introduced into a Thermo Scientific™ High Temperature Conversion Elemental Analyzer (TC/EA) using a zero blank autosampler. Following reaction at 1350°C for a few seconds with the TC/EA glassy carbon tube, the resulting carbon monoxide (CO) gas was passed through a heated (90°C), homemade GC column packed with a 0.5 nm molecular sieve to eliminate impurities such as water vapour. The CO was then swept using helium-2% hydrogen gas in continuous flow mode to a Thermo Scientific Delta PLUS XL IRMS for isotopic analysis, where its oxygen isotopic composition was measured. The following average phosphate δ 18 O (±SD) was obtained for replicate analyses of NBS 120c (n = 5) during the course of these measurements (accepted value in parentheses): +21.74 ± 0.22‰ (+21.7‰). Reproducibility of better than 0.1‰ (n = 2) was obtained for duplicate analyses of separate extractions of enameloid phosphate oxygen.
To obtain stable isotopic analyses for oyster shells, ∼0.05 mg of powdered Ca-carbonate was reacted with orthophosphoric acid (H 3 PO 4 ) at 90°C for 10 min using a Micromass Multiprep autosampling device. The resulting CO 2 was purified cryogenically and then automatically transferred on-line to a VG Optima dualinlet IRMS for oxygen and carbon isotopic measurements. The following δ 18 O was obtained for standards during the course of these measurements (accepted value in parentheses): WS-calcite, +26.31‰ (+26.23‰); SupraPur, +13.42‰ (+13.30). For δ 13 C, results for standards were: WS-calcite, +0.88‰ (+0.76‰); NBS-18, −5.02‰ (−5.0‰); SupraPur, −35.48‰ (−35.55‰). Reproducibility of better than 0.2‰ (n = 2) was obtained for duplicate oxygen and carbon isotope analyses of separate extractions of oyster shell calcium carbonate.
R E S U LT S

Petrography
The Upnor Formation is a clay-rich, silty sandstone, with localized claystone and siltstone laminae. Glaucony abundance varies widely both within and between the Upnor and Reading formations (EDS data deposited at: http://www.minersoc.org/pages/e_ journals/dep_mat_cm.html. In the Thanet Formation, glaucony is scarce (<5%), and comprises olive-brown (nascent) to olive-green (slightly evolved to evolved), mostly entire (i.e. not fragmented) granules. Of the Upnor Formation localities sampled, only at Herne Bay is glaucony a minor component (<5%) throughout. In the Upnor Formation, glaucony granule abundance varies from trace to ∼30% (modal analysis of 25 London borehole samples), while in the gravel bed at the base of the LMB, unweathered glaucony is 0-∼55% of the sediment (modal analysis of 30 samples), and in the clay-poor Thanet Sand Formation glaucony abundance is <5%. In the top few Upnor Formation samples from borehole T404, Shadwell and Chambers Wharf, finely disseminated silt and clay-grade glaucony give the entire sediment an homogenously green colour. The distribution of glaucony granules within samples is apparently random, with no concentrations of granules in laminae or burrow fills. Above the gravel bed, glaucony is absent. In both the Upnor and Reading formations, the glaucony occurs as a mixture of round granules, highly fractured granules and fragments of granules, with no primary granule textures apparent other than occasional vermiform structures (Fig. 3a) . These features are consistent with the glaucony being at the evolved stage defined by Odin & Matter (1981) . Glaucony granules are typically 0.5-1.5 mm in diameter; granule fragments are up to 0.7 mm across. There is a gradation from samples with mostly entire granules and just a few fragments (Fig. 3b) , to samples with a matrix of silt-size fragments, or, in just a few samples, a matrix of disaggregated granules (Fig. 3c) . In lightly weathered LMB, green granules of unweathered glaucony occur in a goethite-rich matrix (Fig. 3d) .
No unequivocally in situ (e.g. burrow lining) glaucony was detected, though the existence of highly fractured granules indicates in situ evolution of the granules (Fig. 4a) . The glaucony is variably reworked. Identification of granule reworking cannot be precise because granules can be undamaged by the process, making it difficult to distinguish reworked from un-reworked granules in optical or BSEM images. The EDS analyses of inclusions in the glaucony pellets indicate that the majority are Ti oxide, with occasional grains of phosphate that are rich in HREE, most notably in the Herne Bay Beltinge Fish Bed and the Blackfriars boreholes in central London. The Thanet Sand Formation glaucony ranges from nascent to slightly evolved (Fig. 4b) .
X-ray diffraction
The <2 µm fraction of the unweathered Upnor and LMB glaucony granules comprises glauconite, with minor or trace illite, kaolinite and a thermally resistant 0.7 nm component, most likely berthierine (Fig. 5a ). Glauconite is distinguished from illite using the position of the 060 diffraction peak (0.1511 nm for glauconite, 0.1503-0.1499 nm for illite; data from the compilations in Brindley & Brown, 1980) , and the FIG. 3 . Optical microscope images: (a) glaucony pellets from Victoria Embankment 2, mostly fragments, with internal vermiform structure (v). The olive-brown colour suggests that a small proportion of goethite is present; (b) complete glaucony pellets (g) and fragments of pellets (f ) in quartz-rich sand from Blackfriars 4; (c) matrix of disaggregated glaucony granules (g) in sample Shadwell 2; (d) Green, unweathered glaucony (g) in weathered, goethite-rich matrix (m). Scale bars = 100 µm.
weak to absent 002 diffraction peak in glauconite. In all granule separates (whole-sample random powder analysis and <2 µm oriented mount), the 002 diffraction is weak or absent, from which it is inferred that illite is a negligible component of these granules. The 060 diffraction was measured on 20 of the random powder diffraction traces, giving an average value of 0.1511 nm for the Upnor and Reading formation glaucony. A slight shift to lower angles after ethylene glycol solvation indicates the presence of a small proportion of smectite layers in the <2 µm fraction of the unweathered green granules (Fig. 5a ), The glauconite-smectite mixed-layer clay has a variable composition, indicated by the peak widths, but, using the method of Moore & Reynolds (1989) , the modal value is calculated to be <10% smectite and >90% 1 nm layers. These deductions from XRD data are consistent with the petrographic interpretation that the Upnor Formation glaucony granules are at the evolved stage of maturation. The <2 µm fraction of the glaucony from the Thanet Formation has a much larger proportion of smectite layers and lower proportion of 1 nm layers (Fig. 5b) , with calculated 1 nm layer proportion of 44-51%. These values for smectite indicate that the less evolved granules survived the vigorous sieving during purification of the glaucony fraction for XRD analysis.
There is no systematic trend in glaucony maturity as measured by the glauconite-smectite composition of the Upnor and Reading formation granules, across London, from east (boreholes, Tower Bridge 1, Shadwell) to west (boreholes Vauxhall A and B) (EDS data deposited at: http://www.minersoc.org/ pages/e_journals/dep_mat_cm.html). Nor is there any east to west trend when the more easterly (more marine) Herne Bay data are included. No vertical trend in the mineralogical composition of the glaucony granules was found for either the Abbey Mills shaft or for borehole T404. For other locations, too few samples were available to detect any vertical mineralogical trends. The high smectite content of the granules at the top of T404 corresponds to the interval where the granules have been reworked extensively, and probably sub-aerially exposed, given that some goethite is present. The smectite content is therefore not an indication of lower maturity.
Throughout the succession, the clay fraction of the matrix in the Upnor Formation is dominated by smectite-rich illite-smectite, with minor illite, rare kaolinite and chlorite. The Reading Formation matrix is similar, but with the addition of goethite, lepidocrocite and gibbsite. Samples that are homogeneously green owing to the presence of silt-size fragments of glaucony have a very slightly larger smectite content than samples with granules. In the lower part of the LMB, immediately above the Upnor Formation, unweathered green granules (i.e. no smectite layers or Fe oxyhydroxides were detected in their XRD analysis) occur in a brown, goethite-rich matrix. In the most weathered samples of the upper part of the LMB, the presence of glaucony can only be detected as sub-circular outlines in ferruginous clay. It was not possible therefore to separate physically the matrix and the weathered granules. The combined matrix and weathered glaucony granules are dominated by smectite-rich illite-smectite with minor illite, kaolinite and chlorite. 
Mössbauer spectroscopy
The Mössbauer spectroscopic method is sensitive to local variations in cation distribution in the particular spectra of minerals such as glauconite with widely developed isomorphic substitutions and low crystal order. The interpretation of glauconite spectra is not straightforward because of trans-vacant octahedral sites and wide variation of chemical composition (Drits et al., 1997) . The Fe 2+ /ΣFe ratio calculations were based on the intensity ratios of the corresponding spectral lines, on the assumption that, at room temperature, the absorption probabilities of recoil-free fractions of Fe ions are the same for both Fe 2+ and Fe 3+ (Bancroft, 1973, p. 197) . This assumption only applies as a first approximation, because Fe 2+ exhibits a lower recoil-free fraction than Fe 3+ , but the error is generally small. The Fe 3+ /ΣFe ratio is 0.866-0.946, with the exception of Shadwell 1, which has a value of 0.534. The mean Fe 3+ /ΣFe value for the Upnor Formation is 0.88 ± 0.02, while for the LMB the mean value is 0.90 ± 0.04. The mean Fe 2+ /ΣFe value is 0.18 ± 0.03 for the Upnor Formation, and 0.17 ± 0.01 for the LMB.
Glaucony chemistry
All analyses of unweathered material lie within the defined range for glauconite (Bailey, 1980) and glauconite-smectite. Figures 6 and 7 show clusters of data points for the Thanet Sand Formation and the Upnor Formation/LMB samples. The Thanet glaucony is characterized by lower Fe, and higher octahedral Al than the Upnor and LMB glaucony. The cross-plot of ΣFe ions vs. octahedral Al shows the expected overall inverse correlation resulting from substitution of Fe for Al in the 2:1 clay structure during glauconite formation (Fig. 7) . Circled data points in Figs 6 and 7 sample T404 Upnor Formation that have undergone slight oxidation (this core was cut ∼10 y before the others) resulting in higher ΣFe oxide values (Fig. 7) . There is no correlation between glaucony abundance and glaucony maturity as represented by K + content (Fig. 8) . At Abbey Mills, an increase in K + correlates with a decrease in tetrahedral Al substitution (layer charge) from the base to the top of the Upnor Formation (EDS data deposited at http://www.minersoc.org/ pages/e_journals/dep_mat_cm.html). In T404 the tetrahedral charge is greater throughout than at any other sample location and the proportion of octahedral Fe increases up the section, from the least weathered (or possibly unweathered) base, to the interval immediately beneath the Reading Beds with disaggregated and oxidized glaucony (deposited data EDS). FIG. 9 . Shale normalized REE plots grouped by geographic location (for details of the normalization procedure see the methods section). The presence of a negative europium (Eu) anomaly is taken to indicate the presence of altered acidic volcanic ash.
Analyses of the Upnor Formation performed using ICP-OES (see ICP data deposited at: http://www. minersoc.org/pages/e_journals/dep_mat_cm.html) have consistently larger Fe, Ti and Ca contents than those from EDS (see deposited EDS data). This may be attributed to the presence of Fe oxides (mainly goethite) in the magnetically separated fraction used for the ICP-OES analyses, plus small amounts of contamination in the form of goethite-coated quartz and Fe oxide-coated bioclastic debris, plus magnetic FeTi oxides. The EDS analyses are therefore believed to be closer to the true glaucony compositions, even though they are based on a much smaller amount of material. No significant differences in major element chemistry were detected between the unweathered glaucony in the LMB and the Upnor Formation (deposited EDS data).
Most LMB and Upnor Formation samples show enrichment in light REE enrichment and heavy REE depletion in shale-normalized (s/n) plots (LREE, s/n FIG. 9. Continued. Fig. 9 ). There are no trends between REE distributions and the percentage of glauconite layers in the glaucony. One sample (Victoria Embankment 2) was separated magnetically into dark green (more mature) and olive green (less mature) pellets prior to analysis. The two profiles are similar, though the dark green granules have slightly more LREE than the olive green granules.
HREE, respectively). (see deposited ICP data,
In most Upnor Formation samples the s/n LREE have plateau-like profiles and broadly similar abundances although many display a slight, positive Ce anomaly (Ce anom = 1.04-1.50); the s/n REE decrease steadily towards the HREE (Fig. 9a-d Upnor Formation samples as a whole, there is no apparent correlation between the magnitude of the Ce anomaly and the Eu anomaly. The Thanet glaucony separates (Fig. 9e ) display a sub-horizontal s/n REE profile. This is interpreted as indicating that this glaucony contains a relatively large detrital clay content (McLennan, 1989; Jeans et al., 2000) . The Fe
2+
/ΣFe values determined by Mössbauer analysis (Fig. 10) and the EDS data were used to calculate the Fe 2+ and Fe 3+ contents, and hence the average structural formulae for the glaucony at each location (see deposited EDS data). Where Mössbauer data were not available, a value of 0.1 was assumed for Fe 2+ /ΣFe. Measured layer charge in the tetrahedral sheet is −0.17 to −0.49 e/huc, and in the octahedral sheet it is −0.48 to −0.57 e/huc, giving a total layer charge of −0.65 to −0.83 e/huc (see deposited EDS data). There is a positive correlation between octahedral charge and K + (Fig. 11a) . There is no correlation between K + and either Fe 2+ or Fe
3+
, as was also found by Rousset et al. (2004) and Odin & Matter (1981) for glauconite in general. There may be a correlation between tetrahedral charge (tetrahedral Al 3+ ) and K + , but it is not clear (Fig. 11b) .
Stable isotope data
Glaucony granule δ
18
O values range from +16.1 to +20.1‰, with an average of +17.8 ± 1‰ (n = 29) (see deposited EDS data). There are no clear lateral trends in glaucony δ
O across the study area, and the only vertical trend noted is a shift to smaller δ 18 O values in the weathered interval at the top of borehole T404 (see deposited EDS data), and the Thanet Formation sample also from T404. Glaucony δ 2 H ranges from −137 to −108‰, and averages −117 ± 8‰ (n = 18) (see deposited EDS data); no data are available for samples from borehole T404. Tooth enameloid phosphate from five shark species from the Herne Bay Beltinge Fish Bed has δ 18 O ranging from +19.0 to +21.5‰ with an average of +19.8 ± 1‰ (Table 1 (Table 1) .
Glaucony weathering
Transects across a large number of seemingly unweathered grains (Fig. 12) , indicate that the majority have a uniform composition from margin to core, with slightly lower analytical totals at the margin than the core, indicative of hydration linked to weathering (Table 2) . Partially altered granules from mottled Upnor Formation have opaque brown cores (owing to the presence of goethite), and olive green rims. In the more intensely altered LMB, former glaucony granules are discernable as 'ghost' outlines in the sediment (Fig. 13a) , frequently with opaque brown cores, again owing to the presence of goethite. There are no significant chemical spatial patterns for the majority of weathered granules. Si, Al and Fe may increase or decrease between the margin and the core, depending on whether gibbsite (site 1, Table 3 ) or goethite has replaced the glaucony (site 2, Table 3 ). In BSEM images the cores of moderately weathered glaucony grains appear darker than the rims (Fig. 13b) , owing to increased hydration, indicated by the lower analytical Table 3 ). Analysis by XRD indicates that weathered granules are principally smectite-rich, mixed-layer glauconitesmectite, and that small amounts of goethite and/or gibbsite are also present. In the most intensely altered LMB samples, small amounts of kaolinite were detected by XRD. In BSEM images of intensely pedogenically modified clay from the LMB, clusters of goethite crystallites within the former granules are observable (Fig. 13c ) and in some granules they are clustered at the core. Chemical analyses across these former granules show much larger Fe contents than the slightly weathered glaucony (Table 2) , owing to the presence of goethite. Other altered granules, often in the same sample as goethite-rich ones, have very large Al contents, consistent with replacement of the glaucony by gibbsite.
D I S C U S S I O N
Glaucony chemistry
Comparing only like with like (i.e. EDS with EDS and ICP-OES with ICP-OES), the glauconitic clay chemistry (Tables 1 and 3) shows a compositional range similar to data published for glaucony from marine transgressive sediments (e.g. Huggett & Gale, 1997; Hesselbo & Huggett, 2001; Rousset et al., 2004) . The EDS and ICP-OES data show moderately good correlation, considering that the former consists of single-point measurements, the latter are bulk glaucony data, and include other Fe-or K-bearing minerals that may be present in the granules (Fig. 14) . The two distinct groupings shown in Figs 6 and 7, reflect real chemical differences, between the Thanet and Upnor/LMB glaucony, while the higher Fe content of T404 samples is almost certainly due to slight oxidation. The more variable K + and Fe in the Thanet Sand Formation samples (Fig. 6) arise from the presence of nascent glaucony granules, rich in smectite, in addition to evolved granules.
Variations in the abundance of REEs is inferred to reflect the chemistry of the environment in which the glaucony was formed and the presence of discrete mineral phases contained within the glaucony pellets, especially REE-rich phosphate inclusions (Tóth et al., 2010) . The majority of glaucony grains from the Upnor Formation have a s/n REE profile similar to the phosphate-enriched glaucony described by Tóth et al. (2010) , showing enrichment in LREE and a slight positive Ce anomaly. The Herne Bay samples have the highest s/n LREE, and also marginally greater phosphate content (see deposited ICP data), tentatively supporting the proposal that the variation is indeed due to cryptocrystalline REE-rich phosphates such as apatite.
Detrital shales have a relatively constant REE composition and hence using shale normalization tends to highlight anomalies from a 'typical' shale composition more readily than, for example, chondrite normalization (e.g. Jarvis and Jarvis, 1985; McLennan, 1989; Jeans et al., 2000) . The presence of a negative Eu anomaly in fine sediments, invariably accompanied by an atypical s/n REE profile, has been used previously to infer a volcanic contribution to a sediment (Wray, 1995 (Wray, , 1999 Wray & Wood, 1998; Jeans et al., 2000) . This is based on the observation that Eu is lost from silicate melts because of its substitution for Ca in mineral structures of early-formed minerals, most notably plagioclase feldspars. Evolved volcanic rocks are therefore typically depleted of Eu and this depletion is preserved in sediments that incorporate volcanic debris, giving rise to Eu anom which are <∼0.9. The negative Eu anomaly in samples collected from a range of locations of similar age implies a widespread (but not predominant) contribution of volcanic material to the depositional setting of the Upnor Formation. This detritus was probably transported and deposited in the form of volcanic ash. From the samples currently available it is difficult to establish the frequency of volcanic events but the samples collected from Herne Bay would seem to record at least two episodes. Evidence of volcanic activity has also been recorded in the overlying sediments of the Oldhaven Beds at Herne Bay and elsewhere within the London Basin (Knox, 1983) , probably derived from volcanism to the NW of the British Isles (Ritchie & Hitchen, 1996) . The Fe 3+ /ΣFe ratios of the glaucony, the majority of which range from 0.85 to 0.90 are similar to those reported in the literature for glauconite (Odom, 1976; Fanning et al., 1989; Huggett & Cuadros, 2010) . Shadwell 1 contains a small amount of siderite in the clay matrix that may have been extracted with the glaucony during magnetic separation, thereby contaminating the glaucony and reducing the calculated ratio. The Fe 3+ in cis-M2 positions in the lattice with moderate line-widths (0.158-0.280 mm/s) of their spectra suggests a lack of expanding layers. The lack of expandable layers (smectite) is consistent with the XRD estimates of % swelling layers in Upnor glaucony.
Weathering of glaucony
The presence of green, unweathered glaucony granules in the goethite-containing, smectitic matrix of mottled intervals of the Upnor Formation and in the LMB suggests that glauconite can persist metastably in a weathering environment. With increasing exposure to weathering, the granules change colour from green to olive to brown as goethite and smectite replace glauconite. The weathering process removes K and Fe from the glauconite structure, and glauconite layers are replaced by smectite layers. In some instances FIG. 12 . BSEM images of unweathered glaucony pellets with analysis locations corresponding to the analyses in Table 2 , sites 1-4. Scale bars = 100 µm. For each grain spectrum 1 is from the margin of the grain and the highest number spectrum is from the core. In some grains Al decreases and Fe increases by 1-2% between the margin and the core, but in the majority there are no significant trends. Totals increase slightly from margin to core indicating that slight hydration/hydrolysis has occurred at the margins. Normalized data allow direct comparison between analyses.
increased weathering results in complete breakdown of the aluminosilicate structure and formation of goethite (Fig. 5c ). The kaolinite detected in some samples (Fig. 5c ) may also be an alteration product. Some granules, however, lose iron and alter preferentially to gibbsite rather than goethite. In the LMB, weathering might not have been sufficiently intense to result in granules consisting of Fe-and/or Al-oxides only and kaolinite, as has been reported elsewhere (Courbe et al, 1981; Huggett & Gale, 1998) . These findings are consistent with those of Courbe et al. (1981) who proposed a weathering sequence from glauconite to nontronite to Fe and/or Al oxides plus kaolinite. Even in the most weathered granules of the LMB, some K remained, which is presumed to be in residual glauconite interlayers in mixed-layer glauconitesmectite. The alteration of individual granules is most intense at the granule cores, suggesting that the cores are less evolved. Less evolved glaucony is more prone to alteration (Huggett & Gale, 1997) .
Environment of formation
Glauconitic minerals have been described from various settings, mostly from outer shelf and slope environments, where sedimentation rates are low (e.g. Odin & Fullager, 1988; Amorosi, 1997; Hesselbo & Huggett, 2001) . The chemical and textural maturity of glaucony reflects predominantly the residence time of the granules on the seabed before burial (Odin & Matter, 1981; Amorosi, 1997; Huggett & Gale, 1997 . The more variable and overall lower degree of evolution (maturity) of the Thanet Sand Formation glaucony compared with the Upnor Formation glaucony suggests that the rate of sedimentation of the Thanet was greater than that of the Upnor, and that the Upnor glaucony is unlikely to be derived from the Thanet Sand Formation. Because nascent granules survived the granule extraction process, we discount the possibility that immature Thanet glaucony granules were broken down and dispersed during reworking, with only the more mature granules being re-deposited in the Upnor Formation. This interpretation is consistent with the Upnor Formation glaucony having formed in an area of low energy with a low depositional rate, within a shallow marine/brackish facies, and subsequently, perhaps as a result of a major storm, having been reworked. The absence of a correlation between glaucony abundance and maturity (Fig. 8) is also consistent with an absence of intense reworking. FIG. 13. (a) Thin-section image of intensely weathered glauconitic sandstone (scale bar = 100 µm). The green colour of fresh glaucony is gone, owing to the replacement of Fe-rich clay by Fe oxides, plus smectite, kaolinite or gibbsite. The former pellets may be recognized from 'ghost' outlines in the clay; (b) BSEM image of slightly weathered glauconite (scale bar = 100 µm). The darker core indicates that Fe has been lost from this region. The bright rim is unweathered glaucony. Analysis locations correspond to the analyses in Table 3 , site 1; (c) BSEM of intensely weathered glaucony with Fe oxide particles (white) concentrated in the core, implying that oxidation has been most intense there, rather than at the margin. Analysis locations correspond to the analyses in Table 3 , site 2. Scale bar = 100 µm. For each grain, spectrum 1 is from the margin of the grain and the highest-number spectrum is from the core. Normalized data allows direct comparison between analyses.
Glauconite formation takes place during slow sediment deposition at the sediment-water interface, with faecal pellets being the most common substrate. This is probably because the process of glauconitization is facilitated by the presence of reactive organic matter and microbes in the faecal pellets. In recent years there has been an increasing number of reports of glaucony from shallow-marine (Huggett & Gale, 1997) , lagoonal and estuarine (El Albani et al., 2005) , and even lacustrine (Huggett & Cuadros, 2010) environments. To these examples we now add the Upnor Formation glaucony, formed in brackish to marine water <30 m deep (King, 2012) . From the above, it is evident that water depth per se is not a criterion for glaucony formation. Temperature may be a factor in that it may control microbial pathways and rates of reaction. The water temperature during this time interval, immediately before and during the PETM, would have been higher (equivalent to tropical) than normal for the latitude (Sluijs et al., 2006; Zacke et al., 2009; Zachos et al., 2010; Kemp et al., 2016) . We are aware of no record of shallow, tropical/warm-water glaucony, with the majority having formed at higher latitudes (McRae, 1972; Hillier, 1995; Huggett & Gale, 1997; El Albani et al., 2005; or from tropical ocean water >∼50 m deep (e.g. Odin, 1988; Wiewióra et al., 2001) .
The abundance and species of shark teeth sampled from the Herne Bay Beltinge Fish Bed at the base of the Upnor Formation represent an assemblage typical of fully marine, pelagic, warm to tropical waters (Compagno, 2001; Zacke et al., 2009) . The Upnor Formation glaucony may therefore be a rare example of warm-water glauconitization. The oxygen isotopic compositions of the shark teeth provide an opportunity to estimate the temperature of the North Sea at this time. Because of its fluorapatite chemistry, large crystallite size and small organic content relative to other forms of bioapatite, shark-tooth enameloid is very resistant to post mortem and diagenetic alteration, and hence preserves primary oxygen isotopic compositions (Kohn & Cerling, 2002; Fischer et al., 2013) . North Sea water at the time of Beltinge Fish Bed deposition and coeval accumulation of shark teeth had an estimated oxygen isotopic composition (δ 18 O w ) of −1.5‰, somewhat less than the current value of −0.4 to +0.4‰ (Harwood et al., 2008) . The slight depletion of 18 O relative to modern times arose in part because of enhanced freshening from uplifted land areas and in part because of lower continental ice volume during this warm period of Earth history (Schmidt & Andreason, 2001; Zacke et al., 2009) . Using this δ 18 O w and the enameloid δ 18 O (excluding the eagle ray sample), an average water temperature of 23.5 ± 2°C can be calculated from the bioapatite phosphate-water oxygen isotope geothermometer of Lécuyer et al. (2013) . The average temperature decreases to 21.5°C if the eagle ray sample is included. These temperatures correspond well with the ranges (19-23°C, δ within the context of a warm-water regime, set at 23 ± 3°C, based on shark-tooth δ 18 O, as described above. This is a conservative temperature estimate, given that this already warm time period (Zachos et al., 2001 ) experienced a further upward spike in temperature, the PETM, towards the end of deposition of the Upnor Formation at ∼56.0-55.7 Ma (Westerhold et al., 2009; Charles et al., 2011) , during which even higher temperatures and greater freshening of the North Sea probably occurred (Zacke et al., 2009) .
The illite-water oxygen isotope geothermometer of Sheppard & Gilg (1996) is used here to interpret the glaucony δ 18 O, given its close consistency with the glauconite-water oxygen isotope fractionation factor reported by Savin & Epstein (1970 C of this oyster shell (−1.7‰) is consistent with the major negative shift (by 2-4‰) in marine foraminifera associated with the PETM reported by Kennett & Stott (1991) . Lower oyster shell δ 13 C values in the Upnor Formation could also simply indicate a greater contribution from 13 Cdepleted sources of dissolved inorganic carbon in an estuarine depositional environment.
The presence of a significant fraction of meteoric water during glaucony formation is further confirmed by its hydrogen isotopic composition. Using the glauconite-water hydrogen isotopic fractionation factor of Savin & Epstein (1970) , δ 2 H w is −68 to −37‰ with an average of −46‰. Using the illitesmectite hydrogen isotope geothermometer of Capuano (1992) , an even lower average δ 2 H w (−66 to −63‰) can be calculated for 23 ± 3°C. Such low hydrogen isotopic compositions require a significant fraction of meteoric water in the environment during glaucony formation.
In summary, the oxygen and/or hydrogen isotopic compositions obtained for the glaucony and oyster shell are characteristic of significant freshwater input (Craig, 1961) . The range in calculated water isotopic compositions may reflect, in part, variation in water temperature during the depositional history of the Upnor Formation, and/or even more likely, variations in the relative fractions (and δ values) of fresh-and seawater end-members that mixed within this estuarine environment. This finding is wholly consistent with the sedimentological interpretation of a shallow marine to estuarine environment for the Upnor Formation (King, 2012 , and references therein), particularly during a time of enhanced outflow of meteoric water.
It follows from the shallow, brackish environment of deposition suggested by the sedimentary and isotopic data, that the glaucony formed in warm (∼21-23°C), shallow and brackish water. In situ glaucony is typically associated with outer-shelf sediments, where the water temperature is ∼10°C. The Upnor glaucony is apparently closer in temperature of formation and environment of deposition to verdine, which is associated with tropical seas, typically forming offshore from major river systems (Odin & Sen Gupta, 1988; Huggett et al., 2015) . There is not, therefore, a clear distinction between the environmental requirements of verdine (or odinite) and glaucony (or glauconite).
C O N C L U S I O N S
The Upnor Formation glaucony is evolved, indicating a residence time at, or very close to, the sediment-water interface of ∼10 5 y, assuming that the elevated temperature did not increase the rate of glauconitization. For this to have occurred in a shallow marine/estuarine environment, the glaucony must have formed in an area of low energy with a low depositional rate, and subsequently, perhaps as a result of a major storm, been reworked. Many of the granules are well rounded, and this may, in part, result from abrasive reworking, as fragments of granules are also present. None of the techniques applied in this study permits unequivocal determination of the quantitative importance of reworking of glaucony in the Upnor Formation. The REE profiles indicate a range of parent materials, including igneous rock, probably volcanic ash, for the glaucony. Shark-tooth δ The less evolved Thanet Sand Formation glaucony, and the paucity of glaucony in this, the oldest of the formations studied here, are consistent with in situ glaucony precipitation in the Upnor Formation, rather than with precipitation in the fully marine Thanet Sand Formation and subsequent reworking into the Upnor Formation. The absence of any correlation between glaucony maturity and abundance also implies an absence of significant winnowing. The formation of the Upnor glaucony in brackish, shallow waters suggests that there is no clear distinction between the environmental requirements of verdine (or odinite) and glaucony (or glauconite). Factors other than temperature and salinity are therefore inferred to be responsible for whether verdine or glaucony precipitates.
